Introduction
Accurate measure of renal function is a vital part of dayto-day safe medical care. For example, overestimation of glomerular filtration rate (GFR) may lead to drug toxicity, and underestimation of GFR may lead to sub-therapeutic drug levels. Potentially, life-changing clinical decisions such as when to start dialysis are also partly based on GFR measurement. Some guidelines recommended that planning for patients' future dialysis should begin when their estimated GFR (eGFR) is <30 ml/min/1.73 m 2 and declining. Dialysis usually begins when patients become symptomatic with an eGFR of <15 ml/min/1.73 m 2 . GFR calculated by measuring the clearance of inulin by the kidney is considered "Gold standard"; precise measurement of GFR is possible but expensive, time-consuming and impractical. For this reason, there has been a constant strive to develop an equation which can estimate GFR reliably from blood and urine biochemical markers such as creatinine. These are rapid and cost-effective. However, with age there is a change in both renal physiology and muscle mass, both of which may affect eGFR calculation [1, 2] . This means that eGFR calculation may be less reliable in older patients and can therefore potentially adversely affect their clinical care. The change in renal function related to age was described as early as 1950 [3] . This study evaluated longitudinal rate of change of renal function using inulin clearance (described below) in patients not known to have renal disease. Between the ages of 20 and 90 years, the mean inulin clearance dropped from 122.8 to 65.3 ml/min/1.73 m 2 . Similarly, the described incident rate and prevalence of chronic kidney disease (CKD) can also vary with the method of estimation of GFR. In a cross-sectional study of 9931 institutionalised individuals aged >65 years, Garg et al. [4] compared the prevalence of CKD when defined Abstract Estimates of glomerular filtration rate (eGFR) should provide accurate measure of an individual's kidney function because important clinical decisions such as timing of renal replacement therapy and drug dosing may be dependent on eGFR. Formulae from which eGFR is derived are generally based on serum creatinine measurement, such as Cockcroft-Gault, MDRD and CKD-EPI. More recently, calculation of eGFR using other laboratory biomarkers such as cystatin C has emerged with apparent greater accuracy. In old people, there is age-related physiological change in the kidney, which could lead to reduced GFR. Likewise, physiological changes in body composition that occur with the ageing process impede the use of a single creatininebased calculation of eGFR across all adult age groups. Studies have shown differences in the prevalence of CKD based on the type of equation used to estimate GFR. This review discusses the evolution of eGFR calculations and the relative accuracy of such equations in older population.
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by different equations. Here, among individuals with a predicted eGFR of <30 ml/min by the Cockcroft-Gault equation [5] , 14.7% had a corresponding eGFR of >60 ml/ min/1.73 m 2 and therefore no CKD when using the fourvariable MDRD equation [6] . Furthermore, the prevalence of GFR of <30 ml/min using the Cockcroft-Gault equation was far higher than with MDRD in both men and women: 10.3% (95% confidence intervals 9.2-11.5%) versus 3.5% (2.8-4.2%) in men, and 23.3% (22.4-24.3%) versus 4.0% (3.6-4.5) in women.
Gold standard measurement
The clearance of inulin by the kidney is considered a gold standard method to calculate GFR because inulin is a physiologically inert substance, i.e. it is freely filtered by the kidneys without any absorption or secretion by the tubules [7] . In clinical practice, the measurement of GFR by inulin clearance is not practical as this process is elaborate, timeconsuming and expensive. It requires a continuous infusion of inulin and timed urine and serum samples. Due to these practical difficulties, studies have investigated the use of radiolabelled substances including ( 51 Cr) EDTA and contrast media [8] , to measure GFR precisely from a single injection. Although these agents provide measurements of GFR comparable to inulin clearance, they carry other practical difficulties. For example, radiolabelled substances require specialist licensing, handling and disposal of waste. Also, for contrast agents, the lack of robust assay technique and the large volume of contrast required have made these methods less favourable [9] .
More recently iohexol, a non-ionic contrast agent, has been used to measure GFR via a single intravenous bolus followed by blood sampling 2-10 h afterwards. A study by Krutzén et al. [10] showed a correlation coefficient of 0.98 (p < 0.001) when iohexol was compared with 51 Cr EDTA to measure GFR. In another study comparing iohexol with inulin clearance, there was a similarly high correlation (r = 0.996, p < 0.001) [9] . For this reason, iohexol is now widely used as an alternative gold standard to measure true GFR due to its simplicity and reliability.
Serum creatinine and creatinine clearance
Historically, serum creatinine has been used as a surrogate of GFR based on the assumption that it is produced, filtered and secreted in a steady state. The Cockcroft-Gault (CG) equation was then developed to estimate creatinine clearance, on the presumption that creatinine clearance was a direct measure of GFR, which it is not. CG uses serum creatinine adjusted for age, weight, serum creatinine and gender to derive creatinine clearance. CG was the most widely used index of renal function [5] from its introduction in 1976 until the development of the MDRD equation, described below. CG has been validated against measured GFR using 125 I-iothalamate, which showed that CG equation overestimated GFR by 16% [11] .
The reason for this and the key limitations of using creatinine clearance and serum creatinine as estimates of GFR are that there are actually many factors which can affect the metabolism of creatinine from creatine in the muscles and the rate of secretion of creatinine in the tubules. Most clearly, creatinine is affected by muscle mass, which in turn changes with older age, and also between genders and ethnic groups. Other factors which can affect the production and secretion of creatinine and which can also differ in older versus younger patients include dietary protein intake, malnutrition and prescribed medication. Studies have also shown that creatinine clearance overestimates GFR due to the secretion of creatinine from the tubules in normal individuals. In patients with CKD, there is increased extra-renal and decreased urinary elimination of creatinine leading to overestimation of GFR from serum creatinine.
A further complicating factor in using serum creatinine alone is the nonlinear relationship between creatinine and GFR [12] . Historically, nephrologists would interpret an arbitrary percentage change in creatinine as an indicator of true change in renal function rather than reflecting day-today variation from factors such as dietary protein. For example, "normal" day-to-day variation in creatinine was anecdotally considered to be <10% and change beyond that was considered abnormal. Similarly, studies have used absolute change in creatinine as a marker of risk of adverse events. A prominent example is from the POSH study (prospective outcomes study in heart failure) where a rise in serum creatinine of >26 µmol/L (0.29 mg/dL) after hospitalisation for heart failure in a population with mean age 68 years was shown to increase median length of stay by 2 days (from 9 to 11 days) [13] . However, as demonstrated in Fig. 1 , the same absolute change in serum creatinine can indicate markedly different changes in actual renal function measured by GFR, depending on the baseline function. In the example given in Fig. 1 , a rise in serum creatinine of 200 µmol/L (2.26 mg/ dL) in a 70-year-old man equates to an actual fall in GFR of 51 mL/min (from 70 to 19 mL/min) if the baseline creatinine is 100 µmol/L (1.13 mg/dL). This contrasts markedly with the same increase in creatinine of 200 µmol/L (2.26 mg/dL) from 300 to 500 µmol/L (3.39-5.65 mg/dL), which equates to a GFR drop of only 4 mL/min (from 11 to 7 mL/min). This demonstrates that numerically similar changes in creatinine indicate far greater deterioration in kidney function for patients with better-preserved renal function at baseline, and why eGFR is significantly preferred over creatinine and creatinine clearance.
Serum creatinine-derived estimates of glomerular filtration rate
The most widely used equation for eGFR is the four-variable abbreviated MDRD equation (modification of diet in renal disease). This was adopted by the Kidney Disease Outcomes Quality Initiative (KDOQI) Clinical Practice Guidelines for Chronic Kidney Disease (CKD) [14] . The MDRD equation was initially developed from the MDRD study training sample of 1070 subjects [11] . Seven equations were developed using a regression model to predict GFR. Out of the seven equations, one containing six variables (age, sex, ethnicity, creatinine, urea and albumin) was chosen as it had an R 2 (percentage of variability in the log GFR explained by the regression model) of 90.3% on internal validation and was considered the most accurate equation to estimate GFR. Subsequently, a four-variable MDRD equation (age, sex, ethnicity, gender) was introduced to simplify the estimation of GFR [6] , and in 2005, it was re-expressed to estimate GFR using isotope dilution mass spectrometry (IDMS)-traceable serum creatinine [15] . As well as measuring eGFR and not creatinine clearance, the advantage of MDRD over CG is that it does not require body weight and it was validated against actual measured GFR (calculated using 125 I-iothalomate). The MDRD equation can easily calculate eGFR using simple demographic data and a readily available laboratory biomarker. This inclusion of ethnicity and exclusion of weight in estimating renal function were a significant departure from historical equations including CG. A summary of current and historical equations and the variables they use is found in Table 1 .
There are, however, several limitations to the MDRD equation as it was developed and internally validated in a limited CKD population [11] . Primarily, from the perspective of this review, the MDRD study population did not include anyone over the age of 70 years. It also excluded patients with normal kidney function, and the proportion of diabetics (6%) was also small.
The performance of the MDRD equation has subsequently been externally evaluated in a diverse population of 5504 subjects from pooled data of 10 different studies [16] . In this assessment, the accuracy of the equation was assessed by the percentage of estimates that fell within 30% of measured GFR (P 30 ). The overall P 30 was 83%, and for stages 3, 4 and 5 CKD this was 84, 81, and 72%, respectively (for details of the CKD stages based on eGFR, see Table 2 ). In preserved renal function (eGFR levels > 60 mL/ min/1.73 m 2 ), the P 30 was 84%. In the subgroup of patients aged >65 years, the P 30 for eGFR<60 ml/min/1.73 m 2 was Fig. 1 The nonlinear relationship between serum creatinine and GFR. This figure compares an increase in creatinine of 200 µmol/L (2.26 mg/dL) from two start points in a 70-year-old male. An increase in creatinine from 100 to 300 µmol/L (1.13-3.39 mg/dL) (A) equates to a drop in GFR of 51 mL/min (from 70 to 19 mL/min), whereas an increase in creatinine from 300 to 500 µmol/L (3.39-5.65 mg/dL) (B) equates to a GFR drop of only 4 mL/min (from 11 to 7 mL/min). This demonstrates that numerically similar changes in creatinine indicate far greater deterioration in kidney function for patients with betterpreserved renal function at baseline [21] 2012 Age, sex, S cr CKI-EPI [17] 2009 Age, sex, S cr , ethnicity MDRD serum variable [11] 1999 Age, sex, S cr , ethnicity Bjornsson [43] 1983 Age, sex, S cr , weight Hull [44] 1982 Age, sex, S cr , weight Gates [45] 1982 Age, sex, S cr Cockcroft-Gault [5] 1976 Age, sex, S cr , weight Jellifie [46] 1973 Age, sex, S cr Mawer [47] 1972 Age, sex, S cr , weight Jellifie [48] 1971 Sex, S cr Reciprocal serum creatinine -S cr 82%, and for eGFR >60 mL/min/1.73 m 2 it was 88%. Perhaps surprisingly, by this measure MDRD performed best in older patients with preserved renal function, a subgroup specifically excluded from the original MDRD cohort.
A more recent and more accurate creatinine-based method of estimating eGFR using the same four variables as MDRD has been developed, the CKD-EPI equation (Chronic Kidney Disease Epidemiology Collaboration) [17] . This has been adopted by KDIGO since 2012 but is not yet universal in clinical practice. This equation was developed from a more diverse population than MDRD, consisting of 8254 subjects pooled from 10 studies [17] . In this cohort, 15% of the population was aged >65 years, and 28% were diabetics. It also underwent external validation in 3896 subjects pooled from 16 other studies [18] .
The performance of CKD-EPI and MDRD was then compared using this external validation cohort [19] . In this analysis, eGFR equation bias was expressed as the difference between measured GFR (mGFR) and eGFR, with positive values indicating underestimation of mGFR and a negative value indicating overestimation. In this study as the data were pooled from 16 different studies, the measured GFR was calculated using different exogenous filtration markers, which was one of the inclusion criteria. For an eGFR level between 16 and 29 ml/min/1.73 m 2 , the bias compared to mGFR for CKD-EPI and MDRD was similar, 1.9 and 2.0, respectively. However, the bias was better with CKD-EPI for eGFR levels above this (for example, 4.2 vs. 11.9, respectively, for an eGFR of 60-89 ml/min/1.73 m 2 ). In patients aged >65 years, the overall bias was 1.3 and 1.4 for the CKD-EPI and MDRD equations, respectively. In patients aged >65 years and with eGFR <60 ml/ min/1.73 m 2 , the bias was comparable between equations (1.3 and 0.9). However, CKD-EPI performed better in patients aged >65 years with an eGFR between 60 and 89 ml/min/1.73 m 2 (0.7 vs. 4.5). In an independent evaluation of the performance of CKD-EPI and MDRD in older patients with CKD, old people again being defined as those aged >65 years, Kilbride et al. [20] compared the eGFR derived from these equations with mGFR calculated using iohexol. In this study, both equations overestimated mGFR, although the bias was small and was comparable (−4.3 and −5.5 for CKD-EPI and MDRD, respectively, at mGFR ≥ 60 ml/min/1.73) However, one of the limitations of these analyses is the definition of old people, as, for example, patients aged between 65 and 70 years are likely to have significantly different physiology to those aged over 80 years. Hence, an equation aimed at estimating GFR more accurately specifically in older people has been produced by the Berlin Initiative Study (BIS) [21] . Here, all subjects were aged >70 years, and mean age was 78.5 years. The BIS1 equation, like MDRD and CKD-EPI, is creatinine based and accommodates age and gender but does not account for ethnicity.
In this study, iohexol was used to assess measured GFR. The BIS investigators compared the bias of BIS1 with MDRD and CKD-EPI equations. All overestimated mGFR but with BIS1 performing markedly better. The bias for MDRD, CKD-EPI and BIS1 was −11.2, −9.7 and −0.8, respectively. The P 30 values were 71, 78 and 95%. A number of other studies have also compared bias and P 30 between MDRD, CKD-EPI and BIS1 in older patients. Lopes et al. [22] compared the performance of creatinine-based BIS1, CKD-EPI and the four-variable MDRD equation against measured GFR by iohexol method in a very old population with a mean age of 85 years. In this study, BIS1 underestimated mGFR with a bias of 6.6, but CKD-EPI and MDRD both overestimated mGFR, with a bias of −1.7 and −4.6, respectively. The P 30 was 80, 75 and 70%, respectively, for these equations. In a slightly younger population (mean age of 75 years), Koppe et al. [23] compared the performance of these equations against mGFR calculated by inulin. In this study, the bias was small and comparable with all three equations overestimating mGFR with a bias of −4.1, −5.4 and −5.8 for BIS, CKP-EPI and MDRD equations, respectively, and P 30 of 76, 72 and 71%, respectively. Liu et al. [24] also compared the performance of these equations, but in this case in a Chinese population and one with a mean age of 70 years. mGFR was measured by 99m Tc-DTPA. In this study, the bias was again small (−0.31, −1.88 and 1.78 for BIS, CKD-EPI and MDRD, respectively), but the P 30 was very low compared to the studies listed above (63, 55 and 55%, respectively). Pottel et al. developed an eGFR equation for people of all ages (FAS). This used serum creatinine derived from the healthy population, adjusted for age and sex. The performance of this equation was validated using a pooled data set of 6870 subjects of various age groups (<18, 18-70 and ≥70 years). The mGFR was calculated using various methods of clearance: inulin, iohexol and iothalamate. In the age group ≥70 years, the FAS equation performance was superior to CKD-EPI with a bias of 1.1 and −5.6, respectively, and a P 30 of 86.1 and 77.6, respectively [25] . These studies, and others which have compared BIS1 and CKD-EPI only [26, 27] , are summarised in Table 3 . What is perhaps most noteworthy is that the markedly better performance of BIS1 in the study by the BIS investigators has not been matched in other studies.
Cystatin C
The limitations of creatinine discussed above have also led to the development of eGFR equations based on other serum biomarkers. One such biomarker which has now making its way into routine clinical care is cystatin C. Cystatin C is a protease inhibitor that is freely filtered through the glomeruli, reabsorbed and degraded by the proximal tubules (a comparison of the renal handling of common biomarkers used in GFR measurement and estimation is found in Table 4 ). Importantly, current evidence indicates that cystatin C levels are not affected by the age or muscle mass of an individual [28, 29] . Fliser et al. demonstrated this is in a study that compared mGFR measured by inulin clearance in older versus younger patients (mean ages 67 vs. 25 years) with identical plasma creatinine (mean of 81 µmol/L [0.92 mg/dL] in both groups, p = 0.90). Despite the identical creatinine, mGFR was modestly but statistically significantly lower in the older group (104 ± 12 mL/min/1.73 m 2 vs. 119 ± 11 mL/min/1.73 m 2 , p < 0.001). The mean serum cystatin C was significantly higher in the older age group (0.84 ± 0.10 mg/L vs. 0.69 ± 0.08 mg/L, p < 0.001). There was better correlation between serum cystatin C and inulin clearance (r = −0.65; p < 0.001) than serum creatinine and plasma inulin clearance (r = −0.30; p < 0.02) This suggests that cystatin C is superior to creatinine for estimating GFR in the elderly [30] .
An equation using cystatin C has been developed by the CKD-EPI, Caucasian Asian Paediatric Adult (CAPA) and Japanese study groups. In a comparison of performance against mGFR in 805 older patients with a mean age of 80 years, the P 30 values were comparable between equations (94, 94, 93%, respectively). The CAPA equation had negligible bias (0.1) and CKD-EPI cystatin , and the Japanese equation both modestly underestimated mGFR (Table 5 ) [26] . As a development from equations using creatinine or cystatin C alone, many of the study groups listed above have derived eGFR equations using both creatinine and cystatin C in the same model. Such models appear to be more accurate than using either biomarker alone. For example, one study has compared CKD-EPI equations using creatinine alone, cystatin C alone, and both in 95 patients aged 85 ± 4 years (mean mGFR 55 ± 15 mL/min/1.73 m 2 ). The respective P30 values were 75, 65 and 85%. The respective bias values were −1.7, 7.4 and 4.0 [22] . Of the combined creatinine/ cystatin C equations, the one produced by the BIS team, BIS2, appears to consistently perform the best (Table 6 ). Although the use cystatin C improves the accuracy of an equation, it is not readily available in all clinical laboratories and its measurement is more expensive than that of creatinine. However, these factors should not discourage the use of cystatin C in estimating GFR.
Measuring renal function in AKI
Older people are susceptible to AKI due to age-related loss of glomeruli and glomerular capillaries, dysfunction of the vascular auto-regulatory system and tubular frailty. Hence, Table 5 Comparisons of performance of cystatin C derived eGFR equations in elderly patients from different study groups CKD-EPI chronic kidney disease epidemiology collaboration, CAPA Caucasian, Asian, paediatric, and adult cohort, IQR interquartile range (precision), P 30 percentage of eGFR within 30% of the measured GFR (accuracy), eGFR estimated glomerular filtration rate a Mean age b Median age c Measured GFR (mGFR) data pooled from various studies, which could have used different exogenous filtration markers for the measurement of mGFR, bias calculated by the mean difference between mGFR and eGFR (eGFR-mGFR); hence, a negative value would mean overestimation and a positive value mean underestimation of GFR compared to the measured GFR [31] . It is vital to note that the creatinine and cystatin C methods of estimating GFR discussed here are not validated for use in acute kidney injury (AKI). The test and validation cohorts, and therefore the equations, all presume a steady state of renal function. The rise in serum creatinine associated with AKI typically lags behind the actual kidney injury, possibly not indicating AKI until >24 h after the precipitating event. This not only precludes the use of eGFR equations in AKI but also actually limits the use of change in serum creatinine as a biomarker in AKI. An ideal biomarker for AKI will present an abnormal value earlier than change in creatinine. In addition, in conditions such as sepsis, which are associated with AKI, animal models have shown that creatinine production may be decreased, further limiting the detection of AKI with this biomarker. An additional reason why no novel biomarker has emerged for AKI in the way that cystatin C has for CKD may be that evaluating a new biomarker requires a suitable gold standard. Given that the current gold standard is limited to change in serum creatinine, the accuracy of new tools is difficult to ascertain. Instead, grading of AKI in such a way as to accurately risk stratify patients has emerged in place of a single laboratory biomarker. It can be argued that the clinical requirement of an effective AKI biomarker is that it can improve management, and this does not necessarily mean that a very precise GFR measurement is needed; to know that AKI has occurred and to apply relevant management strategies is the goal.
The emerging increased emphasis on early detection and management of AKI is because of the association with increased mortality, morbidity and hospital length of say [32] [33] [34] [35] [36] . In a meta-analysis of 48 studies including 47,017 participants looking at the long-term outcomes following AKI [32] , the incidence of mortality, CKD and ESRD was 8.9, 7.8 and 4.9 events per 100 patient years, respectively. This increased risk is vastly greater in elderly patients. For example, in a community-based study, the incidence of AKI requiring dialysis for subjects aged of 70-79 years was 96 per 100,000 patient years. This compared to just 8 per 100,000 in subjects aged <50 years. Also, in the older age group, the incidence increased from 74 to 123 events per 100 000 patient years between the years 1996 and 2003 [33] .
The current KDIGO guidelines define AKI as any of the following [34] : an increase in serum creatinine of ≥26.5 µmol/L (0.29 mg/dL) within 48 h; an increase in serum creatinine to 1.5 times the previous baseline which is known or presumed to have occurred within the previous 7 days; or urine output of <0.5 ml/kg/h for 6 h. These definitions do not stratify patients by risk. The current stages of AKI based on serum creatinine by which risk and management are stratified are as follows: 
Current clinical practice
The 2012 KDIGO clinical practice guidelines have recommended the use of the creatinine-derived CKD-EPI equation for the estimation of eGFR in routine practice. This is because cystatin C is not yet available for daily use in all centres. The guidelines suggest that cystatin C-based equations be limited to use in individuals with eGFR between 45 and 59 ml/min/1.73 m 2 with no other evidence of CKD [35] to verify the presence of CKD. There was no specific recommendation based on age, and so the apparent better performance of BIS2 in the elderly does not translate into a clinical recommendation.
Changing the recommended equation for calculation of eGFR has a consequent impact on the reported prevalence of CKD. For example, the prevalence of CKD in 754 subjects with a mean age of 61 years was 17.2% based on the four-variable MDRD equation that was recommended for use until 2012, whereas with an equation based on both creatinine and cystatin C the prevalence is as low as 5.8% [36] .
Future of GFR measurement
The conventional measurement of GFR involves the measurement of a biomarker in either urine or blood. This is invasive and time-consuming and provides no longitudinal data unless repeated. The use of transcutaneous measurement of GFR in rat models has evolved significantly. This method of GFR is non-invasive and can measure real-time GFR. Several methods of transcutaneous measurement of GFR are described and are based on the elimination kinetics of fluorescent exogenous biomarker like flourescein isothiocyanate (FITC)-sinistrin [37] [38] [39] [40] [41] . Recent studies have used FITC-sinistrin in the conscious rats and have validated their results against plasma measurement of FITC-sinistrin. Schreiber et al. showed that transcutaneous measurement of FITC-sinstrin against two-compartment plasma clearance and one compartment plasma slope in 3 different mouse models was comparable in healthy animals (n = 8). The GFR measurements (mean ± standard deviation) for each were 1381 ± 264, 1373 ± 182 and 1212 ± 274 µL/min/100 g body weight, respectively [42] . Such novel methods may shape the future of GFR measurement in humans.
Summary
The estimation of GFR in older patients is based on equations largely derived in younger populations despite physiological changes with age that may affect metabolism of biomarkers. Despite this, the performance of eGFR equations is becoming more robust for the older population group. In particular, the use of cystatin C has the potential to improve CKD diagnosis and epidemiology, as its physiological behaviour is different to creatinine. Current guidelines do not specify the use of cystatin C-based equations as first line for calculating eGFR, but this reflects its oftenlimited availability rather than poor performance. Indeed, if there is any clinical suspicion that a patient's clinical status and calculated eGFR do not match, then a combined cystatin C/creatinine equation (CKD-EPI or BIS2) is a useful next step before one needs to consider isotope GFR studies for mGFR (see also Table 7 ). The caveat to this is in AKI, where accurate measurement of GFR at a specific time point is not yet viable, nor indeed is it necessarily useful. Instead, management guidelines for AKI are based on the KDIGO AKI stages, which can be determined from change in serum creatinine. Transcutaneous measurement of GFR may hold the key to the future of non-invasive and real-time measurement of GFR in various clinical settings including AKI. 
